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ABSTRACT
Interaction of Surface and Subsurface Hydrological Processes in tbe Lower Virgin
Valley
By
Alexander Grigor Baron
Dr. Zhongbo Yu, Examination Committee Chair 
Associate Professor of Hydrology 
University o f Nevada, Las Vegas
Dr. Jianting Zhu, Examination Committee Co-Chair 
Assistant Research Professor 
Desert Research Institute
The Lower Virgin Valley’s water resources are increasingly vital to Southern 
Nevada. This study sought to answer three questions o f relevance to local water 
managers: 1) What is the spatial distribution of recharge to groundwater in a basin 
divided between three states? 2) How do streamflow and évapotranspiration affect the 
water table in the Virgin River floodplain? 3) How would long-term pumping of the 
floodplain aquifer affect the water table and the dependent phreatophytic vegetation? A 
Maxey-Eakin analysis showed that nearly 48 percent o f rainfall-induced recharge to 
groundwater occurs in Nevada, while nearly 49 percent occurs in Utah and just over three 
percent occurs in Arizona. A MODLFOW-2000 model of the floodplain aquifer 
demonstrated the link between seasonal water table fluctuation and variation in 
streamflow and évapotranspiration rates. Finally, simulation of a production well on the
111
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Virgin River floodplain demonstrated the potential for continuous pumping to threaten 
phreatophytic vegetation.
IV
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CHAPTER 1 
INTRODUCTION
Recent years have seen a decreasing water supply in the American Southwest as 
well as a rapidly growing human population. Metropolitan Las Vegas, one of the fastest 
growing cities in the U.S., depends on an allotment of water from the Colorado River 
consisting o f 300,000 acre-feet per year (AFY) plus an additional amount o f water equal 
to what it discharges into Lake Mead through the Las Vegas Wash (Bache et al., 2006). 
This water will not be enough to support its current growth.
With future needs in mind, local water managers are looking northeast to the 
Virgin River, a tributary o f the Colorado, which flows into Lake Mead after passing 
through the town o f Mesquite, Nevada. The Virgin Valley Water District (VVWD), in 
Mesquite, is reviewing hydrometric and geochemical data in order to evaluate the Lower 
Virgin Valley’s surface and groundwater resources —  difficult to quantify for reasons 
that include the occurrence of flash floods, the contribution o f ephemeral drainage to the 
Virgin River, the pereolation from ephemeral drainage, and the impreeise understanding 
of the hydrologie connection with the Tule Desert basin to the north. A study that 
integrates the groundwater flow regime with variable rainfall-runoff processes can help 
fill some o f these gaps.
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At the same time, the Nevada State Engineer has granted the Southern Nevada 
Water Authority (SNWA) the right to divert up to 190,000 AFY of the Virgin River and 
use an average o f 113,000 AFY over the next ten years. Proposals have included a plan to 
pump water from the shallow floodplain aquifer in the alluvial material adjacent to the 
river itself (Pompeo, 2007). Before such action can be taken, it is necessary to investigate 
the way in which this aquifer is influenced by factors such as changes in Virgin River 
flow and évapotranspiration (ET) rates as well as the potential for long-term pumping to 
affect water availability to phreatophytic vegetation. In an area where one entity may 
have rights to surface water and another to groundwater, it is also crucial to understand 
the interaction between the two -  particularly in a hydrologie system where that 
interaction is likely to be pronounced.
The objective o f the present work is to utilize different modeling techniques to 
address two key issues for local water managers: 1) the quantity and spatial distribution 
of recharge to the Lower Virgin River basin, which bears influence on water supply 
planning and acquisition of water rights, and 2) water table fluctuation in the floodplain, 
where proposed long-term pumping of groundwater may affect water availability to 
phreatophytic vegetation. Three specific questions addressed by this study are: 1) What is 
the spatial distribution o f recharge to groundwater in a basin divided between three 
states? 2) How do streamflow and évapotranspiration affect the water table in the Virgin 
River floodplain? 3) How would long-term pumping of the floodplain aquifer affect the 
water table and the dependent phreatophytie vegetation?
The Maxey-Eakin model, which calculates the distribution of annual recharge 
using an annual precipitation dataset and a set of recharge effieiency coefficients, was
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used to answer the first question. The second and third questions were examined using 
MODFLOW-2000, a widely-aeeepted groundwater flow model. The aquifer properties 
used in the MODFLOW-2000 simulation were estimated based on the results of three 
aquifer tests eonducted in the autumn and winter of 2006 -  2007. A detailed description 
of these tests can be found in Pompeo (2007), and a summary is included below.
The structure o f this text is as follows: The Background section describes some of 
the previous work upon which this study sought to build. The Study Area section 
describes some o f the Lower Virgin Valley’s geographical characteristics. The Methods 
section describes the Maxey-Eakin technique and how it was applied to estimate recharge 
to the Lower Virgin River basin, the aquifer tests conducted on the Virgin River 
floodplain and the methods used to interpret their results, and the development of a 
MODFLOW-2000 model to simulate seasonal water table fluctuation at Halfway Wash. 
The Results section presents the findings of these analyses. Following the Simulation 
Results sub-section is a Discussion section, which interprets the model results and 
discusses improvements that could be made. Subsequent to that discussion is a 
presentation of the results o f a simulation of drawdown over an extended period of 
pumping at Halfway Wash. Finally, the Conclusion summarizes the study and its findings 
and describes issues that can be investigated in future studies.
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CHAPTER 2 
BACKGROUND
Previous studies have provided us with a conceptual model o f the Lower Virgin 
River hydrologie system. Perhaps the most comprehensive of these studies is Dixon and 
Katzer’s (2002), which describes three aquifer systems: 1) the river sediments or so- 
called floodplain aquifer in the alluvial deposits adjacent to the Virgin River itself, 2) the 
Muddy Creek Formation, which is a semi-confined to confined unit consisting of sands 
and clays and ranging from the surface, in some places, to thousands of meters o f depth, 
and 3) the carbonate aquifer system below the Muddy Creek Formation. M etcalf (1995) 
used major ions and isotopes as tracers to source Virgin River water to either 
groundwater and surface water from the Beaver Dam Wash watershed (contained within 
the Lower Virgin Valley), groundwater and surface water from the Upper Virgin River 
Basin, including recharge from Littlefield springs, or recharge from deeper groundwater.
Estimates o f recharge to the basin have relied on recharge efficiency coefficients, 
which describe the percentage of precipitation that recharges groundwater in different 
spatial zones. Maxey and Eakin (1949) pioneered the use of this method in Nevada, and 
their set o f coefficients, used in conjunction with the H ardm an m ap  (W atson  ct al., 1976), 
has been used as a standard by the Nevada Department of Conservation and Natural 
Resources (Avon and Durbin, 1994). O f course, the accuracy and variability of these 
estimates depend on the accuracy and variability o f precipitation estimates, which, for the
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Lower Virgin Valley, have varied significantly (Table 2-1). Dixon and Katzer (2002) 
estimated 1,072,100 AFY of precipitation using a linear regression relationship between 
annual precipitation at selected rain gages and the elevation o f those gages. The basin 
was then divided into zones of different precipitation amounts, to which different 
recharge efficiency coefficients were applied. Their total recharge estimate was 65,900 
AFY, or 81,286,453 cubic meters.
Table 2-1: Previous estimates of precipitation
Study Annual precipitation 
(acre-feet)
Annual precipitation 
(cubic meters)
Glancy and Van Denburgh 
(1969)
689,000 849,868,988
Hardman (1972) 635,900 784,371,102
Utah Climate Center 1,051,100 1,296,512,762
Daly et al. (1997) 960,300 1,184,512,611
Dixon and Katzer (2002) 1,072,100 1,322,415,881
While their methodology was based on that o f Maxey and Eakin (1949), it utilized 
different coefficients and applied them over different spatial zones. It was generally far 
less conservative than the Maxey-Eakin methodology. Furthermore, the underlying 
precipitation dataset had some significant gaps. First of all, it lacked rain gages at 
elevations between 1700 to 3000 meters above sea level. Second, its only rain gage 
whose elevation was above 3000 meters was Blowhard Mountain Radar, whose location 
outside the Lower Virgin River basin and to the east suggests that it may receive less 
moisture from the Pacific Ocean than locations at an equivalent elevations within the 
Lower Virgin Valley. Regional water managers need a more current recharge estimate
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than that o f Dixon and Katzer (2002), and one that strictly adheres to the methodology of 
Maxey and Eakin (1949). The recharge estimate must also be divided by state to aid in 
the application o f water rights. This is a particularly pressing matter in the Lower Virgin 
River basin, where over half of all groundwater production wells are located in Arizona 
(Dixon and Katzer, 2002), even though far more recharge is likely to occur in Nevada 
and Utah.
In addition to rainfall-induced recharge to deep groundwater, water managers are 
interested in the fluctuation of the water table in the floodplain aquifer, which supports 
thriving stands o f phreatophytic vegetation. The concerns are that long-term pumping of 
water from this aquifer might deprive vegetation of the water it needs, or even decrease 
flow in the adjacent Virgin River, to which the aquifer is assumed to have a strong link 
(Pompeo, 2007). In order to investigate this matter, it is necessary to understand the 
natural fluctuation o f floodplain aquifer water levels and to try to quantify the influence 
of streamflow and ET. Below are descriptions of previous efforts toward that end, and of 
how this study seeks to build on them.
Acheampong (2004) described seepage runs in which discharge was measured at 
in different reaches o f the Virgin River. He identified significant gains due to 
groundwater seepage above Littlefield, Arizona, but concluded that quantification of 
gains and losses below Littlefield was more difficult, for reasons that included irregular 
irrigation withdrawals and the paucity of data on ET withdrawal. Acheampong wrote that 
SNWA should cooperate with VVWD in integrating seepage and ET studies through 
numerical modeling. This study is a first step.
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Devitt et al. (1998) estimated ET from phreatophytes -  the saltcedar stands which 
are the dominant form o f vegetation alongside the river -  for 1994 and 1996 using Bowen 
ratios. Figure 2-1 shows the 1996 ET estimates from Devitt et al. (1998). Dixon and 
Katzer (2002) used the highest rate measured by Devitt et al. (1998) in preparing their 
water budget. They estimated an annual ET withdrawal o f around 69,074,983 cubic 
meters. This study utilized the full annual range o f ET rates measured by Devitt et al. 
(1998) in its floodplain aquifer model, which is described below.
Brothers et al. (1992 and 1993) developed a groundwater and surface water model 
to predict the effects o f Virgin River streamflow diversions on the floodplain aquifer. 
Their simulations incorporated diversion quantities that corresponded to SNWA 
proposals o f the time. They concluded that diversions o f those magnitudes would not 
compromise water availability to phreatophytes. This study re-examined that question 
with the benefit of improved estimates o f ET and of aquifer properties.
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Figure 2-1; ET from saltcedar stands. Source: Devitt et al. (1998)
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CHAPTER 3 
STUDY AREA
The Lower Virgin Valley is located in southern Nevada, with small portions in 
Arizona and Utah (Figure 3-1). Basin boundaries are formed by the Mormon Mountains 
to the west, the Clover Mountains to the north, the Beaver Dam Mountains to the 
northeast and east, and the Virgin Mountains to the south. This study has defined the 
Lower Virgin River basin as the Nevada Division o f Water Resource’s Hydrographic 
Areas 221 and 222 (221 is the Tule Desert, an adjacent 492 km^ basin to the north, which 
is sometimes thought o f as distinct), shown in figure 3-1 as Lower Virgin River Basins.
Average yearly rainfall in the basin varies from 76-152 mm (USBR, 1982), with 
summer and winter being the periods of highest rainfall. The Methods and Results 
sections of this report include estimates of the volume and distribution of yearly rainfall. 
Rainfall in the Lower Virgin Valley either returns to the atmosphere as water vapor, 
infiltrates the soil and then returns to the atmosphere as transpiration from plants, 
becomes surface runoff that eventually flows into the Virgin River, percolates from the 
river into the floodplain aquifer system, or percolates through rock and soil, often at 
higher elevations, to become part of the deep groundwater system. P erennial surface  
water consists of the Virgin River, which flows into Lake Mead and joins the Colorado 
River system, and the Beaver Dam Wash, a smaller tributary o f the Virgin River. The
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Virgin River also receives subsurface recharge and surface water flow from Tule Desert 
and from other ephemeral drainages (Dixon and Katzer, 2002).
Virgin River and Beaver Dam Wash
; Lake Mead
I  Littlefieid to Overton Catchment
Lower Virgin River Basins
Utah
Nevada
Arizona
Lake Mead
5 0  kjlorriG ters12,5
Figure 3-1 : Study Area
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The basin’s major geologic structure is the 1,896 km^ Mesquite depression, which 
most likely contained a body of water called Muddy Lake around 5.5 million years ago 
(Dixon and Katzer, 2002). The Colorado and Virgin Rivers discharged into Muddy Lake 
until the boundary was breached. The Muddy Creek formation, which is the basin’s 
principal aquifer, consists o f more than a thousand meters of semi-consolidated and 
unconsolidated silt and sand (Dixon and Katzer, 2002), mostly calcareous and gypsic 
interspersed with clay. Above lies a shallow unconfined floodplain aquifer, consisting of 
recent unconsolidated gravel, clay and silt deposits and extending from the surface to 
depths of around 30 meters (USBR, 1982). Underneath the Muddy Creek are 
Precambrian and Paleozoic carbonate rocks. Alongside the Virgin River floodplain are 
alluvial fans and terrace deposits, made up of Pliocene and Pleistocene deposits o f silt, 
clay, gravel, boulders and sand.
Two of this study’s research questions focused on the shallow floodplain aquifer. 
For the purpose o f the modeling it, a domain within the Lower Virgin River basin was 
defined such that surface water inputs and outputs could be reasonably estimated. The 
catchment collecting runoff that flows into the Virgin River downstream of the U.S. 
Geological Survey (USGS) gage at Littlefield, Arizona, shown in figure 3-1 as the 
Littlefield to Overton Catchment, is that domain. It includes the floodplain between 
Littlefield, which sits at 538 meters above sea level (masl), and the site of the old USGS 
Overton Gage, taken out o f service by flooding in January of 2005, which has an 
elevation of 375 masl.
Summer temperatures in this area range from 21 to 41 degrees Celsius, and winter 
temperatures range from -1 to 16 degrees Celsius. Annual evaporation from a free water
11
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surface in the basin averages just over 2000 millimeters (Acheampong, 2004; USDA, 
1980). The dominant vegetation includes T. Ramosissima, Altriplex lentiformis, 
Sporobolus airodes and Pluchea sericea (Drohan et al., 2005). The area is prone to flash 
floods, and the January, 2005 flood wiped out most of the phreatophytes in the immediate 
vicinity of the VVWD wells at Halfway Wash (Pompeo, 2007), whose data were used for 
calibration o f the model.
12
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CHAPTER 4
METHODS
4.1 Recharge Estimation 
The Maxey-Eakin method was used to calculate groundwater recharge because of 
its high regard within the state o f Nevada and its computational simplicity. It is based on 
a set of coefficients describing the proportion of rainfall that recharges groundwater. In 
keeping with standard practice, Maxey-Eakin eoeffieients were applied to corresponding 
Hardman precipitation zones (Watson et al. 1976), shown in Table 4.1-1 (in inches 
because that is how it is applied). Before that, though, the distribution of values for 
average annual precipitation across the study area had to be estimated.
Table 4.1-1 : Hardman annual precipitation zones and their corresponding Maxey-Eakin 
coefficients, which describe the proportion of rainfall that recharges groundwater 
(Watson et al., 1976)
Precipitation Zone Maxey-Eakin Coefficient
>20 in. (508 mm) 0.25
15-20 in. (381-508 mm) 0.15
12-15 in. (304.8-381 mm) 0.07
8-12 in. (203.2-304.8 mm) 0.03
<8 in. (203.2 mm) 0.0
13
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Three methods were used for estimating precipitation. The Parameter-elevation 
Regressions on Independent Slopes Model (PRISM) group of Oregon State University 
offers annual and monthly precipitation datasets for the continental U.S. These data are 
generated by comparing precipitation observations to elevations of the gages on a digital 
elevation model (DEM), and then weighting the observations based on characteristics that 
include the gage’s topographic position and aspect (Daly, 2006; Daly, 1997).
Precipitation data are then estimated for each elevation. During the time period in which 
this study took place, data were released to the public at two resolutions. Averages for the 
period of 1971-2000 were available at an 800-meter resolution, while data for subsequent 
years were offered at a resolution of 4 kilometers. For this study, PRISM grids were 
clipped with the boundaries of the Lower Virgin River basin, using Arclnfo software. 
Annual average rainfall for 1971-2005 was calculated by appropriately weighting the 
1971-2000 dataset and each subsequent year’s data. Each annual precipitation raster was 
then multiplied the by a raster of Maxey-Eakin coefficients, represented by percentages 
(Fig. 4.1-2). For the sake of comparison, two other methods were used to calculate 
precipitation. These methods utilized only local data, from National Weather Service rain 
gages in the Lower Virgin River basin or nearby (Table 4.1-2).
14
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A n n u a l p rec ip ita tio n  
1971-2000 (mm)
A n n u a l p rec ip ita tio n  
1971-2005 (mm)
A
(a) (b)
Figure 4.1-l(a): PRISM 1971-2000 annual precipitation; (b): PRISM 1971-2005 annual 
precipitation
15
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Figure 4.1-2: Maxey-Eakin coefficients, as percentages, for PRISM annual precipitation 
data.
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Table 4.1-2: Rain gages used for this analysis
Annual Period of
Station Name Eat. Long. Elev. (m) precip. (mm) record
Beaver Dam 36:54 -113:57 571.5 196 1956-2006
Echo Bay 36:19 -114:26 38L0 158 1989-2006
Elgin 37:21 -114:33 1042.4 315 1985-2006
Logandale 36:37 -114:29 429.8 142 1968-1992
Mesquite 36:48 -114:04 478.5 188 1942-2006
Overton 36:33 -114:27 381.0 133 1939-2006
Valley o f Fire 36:23 -114:31 609^ 168 1972-2006
Gunloek 37:17 -113:44 1252.7 359 1931-2006
Lytle Ranch 37:09 -114:01 8443 266 1988-2006
St. George 37:06 -113:34 844.3 217 1931-2006
Veyo Powerhouse 37:21 -113:40 1402.1 373 1957-2006
LaVerkin 37:12 -113:16 981.5 301 1982-2006
Zion National Park 37:13 -112:59 1234.4 410 1982-2006
Blowhard Mtn. Radar 37:36 -112:52 3259.5 718 1982-2006
The only gage listed in table 4.1-2 that was not used in this analysis was 
Blowhard Mountain Radar, which is the farthest away and may not represent the 
modeling domain, as discussed above. When each gage’s annual rainfall measurement is 
plotted against its elevation, the best-fit line follows the equation precipitation (mm) 
=0.2564*elevation (m) + 41.983 (Fig. 4.1-3). Dixon and Katzer (2002) included data 
from Blowhard Mountain Radar (Dixon and Katzer, 2002), and their best-fit line is also 
shown in Figure 4.1-3. That equation was not used in this study.
17
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Figure 4.1-3: Precipitation-elevation relationships for local rain gage data.
The equation above (y=0.2564x + 41.983) was applied to a DEM, resulting in a grid of 
annual estimated precipitation.
Inverse Distance Weighting (IDW) is an interpolation method that can be used to 
generate an estimate o f spatial variation of rainfall that is totally independent of elevation. 
We can call these data the estimated precipitation dataset (EP). Because of the wide 
topographic variation in the Lower Virgin River watershed, and the fact that rain gages 
with robust data records are found primarily at lower elevations, some adjustment was 
necessary to create a more realistic rainfall distribution, i.e. one that takes into account 
the much larger rain events that likely take place at higher elevations. To that end, IDW 
was also used to interpolate an imaginary elevation data set (IE), using the elevations of 
the rain gages as the only known points. The following equation was then applied, using 
a DEM of the Lower Virgin Valley, to find what we can call adjusted precipitation (AP):
lE/DEM = EP/AP or EP*(DEM/1E) = AP (Eq: 4.1-1)
18
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These estimated annual rainfall data sets were divided into zones corresponding to 
the amounts o f precipitation listed in table 4.1-1. Maxey-Eakin coeffieients were then 
applied to these zones to estimate recharge from precipitation throughout the Lower 
Virgin River basin. The estimates are presented in the results section. The PRISM 1971- 
2000 dataset, which utilizes the longest data record and the widest range o f qualitative 
factors, was considered the most defensible, but results o f analyses o f the other datasets 
are presented for the sake of eomparison. Areas of interest, including the Beaver Dam 
Wash watershed, whose water rights have been disputed, and the catchment representing 
the domain o f the floodplain model diseussed below, were pulled out of this dataset, and 
recharge to those areas was estimated as well.
4.2 Aquifer Testing
In order to model the exchange of water between the Virgin River, the floodplain 
aquifer and phreatophytie vegetation, it was necessary to estimate hydraulie eonductivity 
(K) and storativity (S) in the aquifer material. Between November of 2006 and January of 
2007, three pumping tests were conducted by Jeff Pompeo, members of VVWD and 
SNWA, and the author o f this text, at loeations on the river’s floodplain (Fig.’s 4.2-1,
4.2-4 -  4.2-6). At each site, three piezometers were installed around the test well (Fig.
4.2-2), which in each case was a pre-existing produetion well.
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Figure 4.2-1 : Three aquifer testing areas on the Lower Virgin River floodplain: 
Bunkerville Diversion area, Wilson Diversion area, and Halfway Wash (courtesy o f 
SNWA)
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Figure 4.2-2: A gas-powered hand auger was used to install piezometers around the test 
well at each aquifer test site. This photo was taken at the Halfway Wash site.
Each test well was pumped at a steady rate for 72 hours, and changes in water level in the 
monitoring wells were recorded continuously with the In-situ Inc. Hermit 3000, Vented 
Poly Cable / Standard 485/232 Cable, and In-situ 50 PSIG / Troll PXD-261’s (Fig. 4.2-3).
21
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Figure 4.2-3: Troll PXD-261 transducers were used to take continuous water level data 
during the 72-hour pumping test period as well as afterwards, as the water level returfted 
to previous heights. This photo was taken at Halfway Wash.
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Figure 4.2-4; Bunkerville aquifer test site; Test well = BVSWD (courtesy of SNWA)
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Figure 4.2-5: Wilson Point of Diversion aquifer test site; Test well = WPOD (courtesy of 
SNWA)
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Figure 4.2-6: Halfway Wash aquifer test site; Test well = HWTW (courtesy of SNWA)
25
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Four graphical methods were applied to the aquifer test data to estimate K and S 
for the aquifer; the Cooper-Jacob Straight Line method, the Cooper-Jacob Drawdown 
method, the Time Recovery method, and the Neuman method (e.g. Fetter, 2001). The 
author o f this text participated in the analysis of pump test data, but the vast majority was 
completed by fellow student Jeff Pompeo, and is described in his M.S. thesis (Pompeo, 
2007).
The Cooper-Jacob Straight line Method relies on a graph o f drawdown over time, 
with drawdown plotted on an arithmetic scale and time on a logarithmic scale. Aquifer 
properties are calculated with the following equations:
TT = (2fi4 * Q) //tS , (Bq. 5.2-1)
where T = transmissivity, Q = flow in gallons per minute and AS is drawdown over one 
log cycle, and
S = (T * t o ) /  (4790 * i^ !) (Exq. 5/2-2)
where to is time at which the drawdown curve intercepts the x-axis and r is distance from 
pumping well. Hydraulic conductivity can of course be calculated by dividing T by the 
aquifer’s thickness. The Cooper-Jacob Distance Drawdown relies on a plot o f drawdown 
observed in several monitoring wells at the same time. Aquifer properties are calculated 
with the following equations:
26
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T = (527.7 * Q) / AS 
and
S= T * t / 4790 ro^
(Eq. 5.2-3)
(Eq. 5.2-4)
where t is the time in minutes at which the drawdown was observed and ro is the distance 
intercepted at zero drawdown. The Time Recovery method is similar to the Cooper-Jacob 
Straight Line method, except that it utilizes recovery data -  collected after pumping has 
ended -  rather than drawdown data collected during the pumping period. Its advantage is 
that it is not influenced by inconsistent pumping rates, and resulting aquifer property 
estimates can therefore be more representative o f actual aquifer properties. The Neuman 
method was used to estimate a ratio between horizontal and vertical hydraulic 
conductivity. Results o f all of these analyses are given in the Results section. For a more 
detailed description of these aquifer tests, refer to Pompeo (2007).
4.3 Water Table Model 
MODFLOW (Harbaugh et al., 2000) was chosen as the model because of its wide 
acceptance in the professional hydrology community. MODFLOW simulates three- 
dimensional flow of groundwater using a finite-difference form of the continuity 
equation:
d / d h ^ d a / ; " d
/
+ -F
V
y d z \ g Z y
+ fV = S.
d h (Eq. 4.3-1)
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where Ky and Kz are hydraulic conductivity along x, y and z axes, respectively (L/T), 
h is hydraulic head (L), W represents flow into (W>0.0) and out o f (W<0.0) the flow 
system (T '') and S; is the specific storage o f the aquifer material (L‘‘). The flow in and 
out of each cell must equal change in storage.
MODFLOW -  2000 was selected for this simulation because it can be used in 
conjunction with Visual MODLFOW, which easily interfaces between the MODFLOW 
source code and ArcView and ArcGIS software used to prepare the input files. A 
forthcoming study will present a groundwater model for the entire basin and all o f its 
aquifer layers. For the purposes o f this study -  investigating interaction between the 
water in the surface and in the subsurface -  only the single uppermost layer of the 
groundwater model was necessary.
The input data files, and their derivation, are described below.
A watershed delineation algorithm (Appendix 1) was used to define the 
boundaries o f the catchment collecting rainfall between the Littlefield Gage and the 
Overton Gage. The code utilized coordinates for the USGS gages at Littlefield and 
Overton (in Universal Transverse Mercator Zone 11 North, according to the 1927 North 
American Datum). The algorithm produced shapefiles for the catchments with their 
mouths at each o f the gages. What is termed in this report the Littlefield to Overton 
Catchment is the result o f subtracting the catchment with its mouth at Littlefield from the 
catchment with its mouth at Overton.
The geology o f the study area came from a geologic map compiled from many 
sources (Page et ah, 2005). The boundaries o f the aquifer were defined to be roughly 
analogous to the boundaries of the new alluvium from Page et al. (2005), shown as
28
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Floodplain in appendix 2. Where portions of the Muddy Creek formation or the alluvial 
fans extended to the surface and were surrounded by the new alluvium, they were 
incorporated into the model, and distinguished with different input K and S values.
A shapefile representing the area covered by phreatophytes, based on aerial 
photographs, was used to define the évapotranspiration boundary (Fig. 4.3-4). Average 
ET rates for each month from Devitt et al. (1998) were broken into daily ET rates and 
used in simulations.
Two digital elevation models were used to estimate elevation throughout the 
study area. The first was provided by the VVWD, and gave elevation values at a 
resolution of 120-meter by 120-meter cells (Appendix 2). The second, provided by the 
SNWA and generated from LIDAR data, covered only the Virgin River floodplain 
corridor. Its original resolution was 6 inches by 6 inches. For computational ease, this 
dataset was resampled to a resolution of 10 meters by 10 meters (Appendix 2). The 
elevation of the bottom of the aquifer layer was interpolated using well log and geologic 
data, shown in appendix 2. A stream network delineation tool from the Arclnfo 
Hydrology toolset was used to delineate the Virgin River channel within this area. The 
domain origin corresponded to the coordinate x = 724820.626 and y = 4050369 in 
Universal Transverse Mercator Zone 11 North, according to the 1927 North American 
Datum. The Virgin River floodplain was divided into 250-meter by 250-meter grid cells. 
Cells outside o f the floodplain, most of which were inactive, were 500 meters by 500 
meters. Many o f these input files are shown in Appendix 2.
The MODFLOW stream package was used to simulate the stage of the Virgin 
River itself. The stream package depends on a realistic estimate o f stream stage in each
29
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stream cell at each time step. While the daily streamflow record at the USGS Littlefield 
Gage stretches continuously from 1929 to the present, other gages further downstream 
have much shorter records. There was an operational USGS gage at Halfway Wash 
between the years 1977 and 1983, as well as parts of 1984 andl985, and another one at 
Overton, near the river’s mouth, from 2003 until the earliest days o f 2005. There exist 
methods for extrapolating from these relatively small records to generate synthetic 
records for a period corresponding to that o f the Littlefield Gage’s record. The method 
chosen for this study was that of Bache et al. (2006). First, flow duration curves, which 
express the percentage of the time that flow equals or exceeds a given value, were plotted 
for daily streamflow data at USGS gages at Littlefield, Halfway Wash and Overton 
during their respective periods of record. Table 4.3-1 shows the gages’ periods of record 
and figures 4.3-1 and 4.3-2 show flow duration curves.
Table 4.3-1 : USGS stream gages used to build stream stage boundary of groundwater 
model
USGS gage ID number Period o f record
Littlefield 9415000 Oct., 1929 - present
Halfway Wash 9415230 Oct., 1977 - Sep., 1983;
Oct., 1984 - Sep., 1985
Overton 9415240 Jan., 2003 - Jan. 10, 2005
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Figure 4.3-1 : Flow duration curve for streamflow records at USGS Littlefield gage,
1929-April 2007, period of Halfway Wash record, and Halfway Wash gage for its period 
of record.
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Figure 4.3-2: Flow duration curve for streamflow records at USGS Littlefield gage, 
1929-April 2007, period o f Overton record, and Overton gage for its period of record.
Synthetic stream flow records for the full period of September 1929 through April 
2007 at the gages at Halfway Wash and Overton were generated by finding the respective 
daily flows for each gage at each probability, and then applying the equation:
Q(hs,os) Q h ,s * Q lfuii /  Q ipartial (Eq. 4.3-2)
where Q(hs,os) is the synthetic flow rate at either Halfway Wash or Overton for a given 
probability, Qh.s is the flow rate at Halfway Wash or Overton for the given probability 
during the period of actual record at either gage, Qifuii is the flow rate at the given 
probability for the entire Littlefield gage record, and Qipartiai is the flow rate at the given
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probability for the portion o f the Littlefield gage record corresponding to the period of 
record o f either the Halfway Wash or Overton gage. Scatterplots o f these estimates 
against actual observations for the periods of record are shown in figures 4.3-3 and 4.3-4. 
As expected, the synthetic record for Halfway Wash is much more accurate than that of 
Overton, owing to its longer period of record, and both synthetic records leave much to 
be desired. However, they were considered reasonable enough to serve as boundaries for 
the floodplain aquifer model. The average annual discharge at Littlefield for the period 
1929-2007, according to data from the USGS gage, is given in table 4.3-2. Average 
annual discharge estimates for Halfway Wash and Overton, according to the synthetic 
data sets produced by this study, are also given in the same table. The three records were 
used in conjunction with the MODLFOW streams package to build a stream stage 
boundary for the groundwater model. Cells in the upper right corner of the domain were 
designated as constant-head boundaries.
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Figure 4.3-3: Actual vs. synthetic average daily flow at USGS Halfway Wash gage for its 
period of record. Correlation coefficient = .90 , R-squared = 0.82
34
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Overton Jan. 2003 - Jan. 2005
1 0 0 0
800
w
u
=  600 
03~o
o
400
♦  ♦
200
0 800 1000200 400 600
actual daily cfs
Figure 4.3-4; Actual vs. synthetic average daily flow at USGS Overton gage for its period 
of record. Correlation coefficient = .47 , R-squared = 0.22
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Table 4.3-2: Average annual streamflow for Littlefield Gage, along with synthetic annual 
streamflow for Halfway Wash and Overton Gages
Gage Average annual 
streamflow 
(cubic meters)
Other estimate (cubic meters)
Littlefield 219,278,163 218,326,286 (Dixon and Katzer, 2002)
Halfway Wash 185,352,353 173,920,939 (Brothers et al, 1993); 
178,608,170 (Bache et al., 2006); 
201,057,540 (Dixon and Katzer, 2002)
Overton 208,677,452 178,854,867 (Dixon and Katzer, 2002)
A 999-day simulation, beginning on November 1, 2003 and ending on the July 27, 
2006, generated data for seasonal water table fluctuation at Halfway Wash. Table 4.3-3 
lists the input parameters for the simulation and their sources, and figure 4.3-5 provides 
an image of some o f them. Others are given in appendix 2. These results were compared 
with monthly water level measurements taken by SNWA and VVWD during this period. 
The comparison is presented in the Results section. The simulation was repeated, but 
with one additional boundary condition: a steady pumping rate o f 5 cubic feet per second 
(cfs) at VVWD well HW TW l at Halfway Wash. The purpose of this simulation was to 
investigate the effect of a constant pumping rate on the water table at Halfway Wash. 
These results are also described below.
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Table 4.3-3: Input datasets for water table simulation
Parameter Format Source
geologic units Shapefile Page et al., 2005
Evapotranspiration phreatophyte
shapefile
TerraSpectra, aerial photos
elevation (top) DEM VVWD & SNWA
elevation (bottom) well logs VVWD & SNWA
streamflow at 
Littlefield
Daily average L^3/T USGS
streamflow at 
Halfway Wash
Daily average L^3/T Estimated
stream flow at Daily average L'^3/T Estimated
Overton
K, S -  floodplain Estimate Aquifer test (Pompeo, 2007)
K, S -  Muddy Creek Estimate Aquifer test (Burbey et al., 2006)
Basin boundary Shapefile VVWD DEM & Z.Yu algorithm
S tream flow (to 2005)V irgin R iver c h a n n e l alluvium  
Litllefield to  O verton  G a g e  c a tc h m e n t 
H U  B e a v e r  D am  W a s h  c a tc h m e n t
Transpiration from phreatophytes
Virgin River channel alluvium
L ow er Virgin R iv e r B asin
10 Kilometers
Figure 4.3-5: Boundaries for water table simulation.
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CHAPTER 5
RESULTS
5.1 Recharge Estimation 
The 800-meter resolution PRISM dataset of annual precipitation for 1971-2000 
was multiplied by Maxey-Eakin coefficients, resulting in an average of 1,137,922,768 
cubic meters o f annual precipitation, with 82,442,226 cubic meters o f annual recharge. 
When data from 2001-2005 was included, the annual precipitation was 1,134,523,292 
cubic meters, with 81,847,687 cubic meters of annual recharge. These estimates, along 
with those produced by the other methods, are shown in table 5.1 -1.
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Figure 5.1-1 : Maxey-Eakin recharge for the Lower Virgin Valley using PRISM data
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Figure 5.1-2; Estimated annual precipitation and recharge using the relationship: 
precipitation (mm) =0.2564*elevation (m) + 41.983
Table 5.1-1 : Comparison of estimated annual rainfall and recharge using different 
methods and data sets.
Dataset Total precipitation (cubic 
meters)
Total recharge (cubic meters)
PRISM 1971-2000 1,137,922,768 82,442,226
PRISM 1971-2005 1,134,523,292 81,847,687
Precip.-Elevation 
linear
1,754,468,798 158,113,870
IDW adjusted 
w/DEM
1,866,464,015 195,167,664
Dixon and Katzer 
(2002)
1,322,415,881 81,286,453
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The Maxey-Eakin method is an oversimplification, and these estimates should be 
validated with other forms of investigation. In particular, the results generated by the 
Precipitation-Elevation relationship and IDW must be approached with some skepticism, 
because of the relatively crude ways in which they account for spatial variation in 
elevation and rainfall. However, it should also be noted the estimates from the PRISM 
1971 -  2000 dataset are quite close to Dixon and Katzer’s (2002) estimates, which are 
also shown in table 5.1. These (the 1971- 2000 PRISM based estimates) were considered 
the most reliable for three reasons: 1) their proximity to Dixon and Katzer’s estimates, 2) 
the fact that PRISM data, apart from being based on rain gage elevation like the other 
methods, also account for the aspect o f the gage, whether it is situated in the valley, on 
the midslope or on the ridge, and whether there are barriers to flow (Daly, 2006), and 3) 
the fact that the 1971 -  2000 averages utilize data at a finer resolution than the 2001 -  
2005 averages.
Figure 5.1-3 divides this recharge estimate by state, in order to aid in determining 
water rights in a basin that has had its share of inter-state water disputes. The values in 
figure 5.1-3 are given in acre-feet because they are the units by which these matters are 
decided. Figure 5.1-4 highlights the contentious Beaver Dam watershed, for which 
recharge values (in acre-feet) are also given by state. Figure 5.5 estimates recharge to the 
Littlefield to Overton catchment, the domain of the model developed for this study. 
However, because rainfall at higher elevations is assumed to recharge the confined 
Muddy Creek aquifer rather than the floodplain aquifer, these recharge estimates were 
not used as inputs to the floodplain aquifer model described below.
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No recharge
A
Nevada
Arizona
20  Mtler 
II I Beaver Dam Watershed 
 Virgin River and Beaver Dam Wash
State contribution of annual recharge to the Lower Virgin River Basin, based 
on Maxey-Eakin coefficients applied to PRISM 1971-2000 precipitation data
State R e c h a rg e  (ac re -fee t) % co n trib u tio n  to  
re c h a rg e
A rea (sq u a re  
m iles)
% of b a s in  area
Arizona 2266.36 3 3 9 236 73 13.50
Nevada 31917.22 47,75 1118.73 63.80
Utah 32653.31 48.86 397.91 22 69
Total 66836.8£ 100 1753.37 100
Figure 5.1-3: Recharge to the Lower Virgin River basin by state
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12 M iles
^ > 3 - 4
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j j No recharge
Beaver Dam drainage
I I
State con tr ibu tion  of annual recharge  to B eaver  Dam w atershed , b a se d  on 
Maxey-EakIn coeffic ien ts  applied  to PRISM 1971-2000 precipita tion data
State R ech a rg e  (acre-fee t) % co n trib u tio n  to  
rech a rg e
A rea (sq u a re
m iles)
% of b a s in  area
Arizona 83 77 0 15 49 60 3 18
Nevada 19969.97 36.17 555.94 35.61
Utah 35162.05 63 68 955 50 61 21
Total 56215.79 100 1561.05 100
Figure 5.1-4: Recharge to Beaver Dam Watershed by state
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Millimeters Maxey-Eakin 
Annual Recharge to 
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based on 1971-2000 
PRISM rainfall data
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N evada
0
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A rizona
> 0 - 2 5
 —  V'irgin River and Beaver Dam Wash
  1-15
N
A
4C K i l o m e t e r  
J1 1
State recharge
(acre-feet)
% contribution 
to recharge
surface area 
(square miles)
% of surface 
area
Arizona 1338.14 9.76 15.96 15.81
Nevada 1236&67 90.24 85.01 84.19
Total 13704.82 100 100.97 100
Figure 5.1-5: Recharge to Littleton to Overton catchment by state
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5.2 Aquifer Properties 
The pump test results are summarized in table 5.2-1. The Time Recovery method 
may be the most reliable of the three, because it does not incorporate unsteady pumping 
rates as boundary conditions. It must be noted that the measurements taken at the Wilson 
Point of Diversion site were considered unreliable (see Pompeo, 2007). The analysis for 
these aquifer tests is fully described in Pompeo (2007).
Table 5.2-1 : K and S estimates
Parameter Location Cooper- 
Jacob 
early time
Cooper- 
Jacob 
late time
Jacob
Distance-
Drawdown
Time-
Recovery
Neuman
K (m/d) Bunkerville 46.0248 24.6888 4&98 23.77
Halfway
Wash
piezometers
112 221 149.5323 7Z54
Halfway Wash 
Deep wells
5.9222 23.77
Horizontal
K
5.136
Vertical K 0.2228
Horizontal / Vertical 23.052
S Bunkerville 0.0806 (136888 0.01
Halfway
Wash
piezometers
0.0919 0.425 0.0213
Halfway Wash 
deep wells
0.12143
Mean 0.08625 0.39694 0.01565
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The model was run using all of the K and S values generated from aquifer tests. 
Spatial variation o f K and S within the new alluvium hydrogeologic unit was not 
simulated, due to the general agreement of estimates (for each method of estimation) 
from data taken at both Bunkerville and Halfway Wash. When input into the 
MODFLOW model, the aquifer property values generated from the Halfway Wash pump 
test produced water table fluctuation that most closely resembled actual water table 
fluctuation at Halfway Wash, particularly when estimates from deeper monitoring wells 
were considered indicative o f hydraulic conductivity in the y direction (the general 
direction of streamflow), while the shallower monitoring wells were assumed to provide 
hydraulic conductivity in the x direction (perpendicular to streamflow). Vertical 
hydraulic conductivity (z direction) was considered to be roughly 1/20 of Ky. K and S 
values for the Muddy Creek formation, at places where it forms the ground surface, were 
taken from Burbey et al. (2006). They were, respectively, 3 meters per day and .067. 
Other values o f K and S, for alluvial fans, were estimated based on personal discussion 
with SNWA field technicians. The model was calibrated to monthly water level 
measurements taken at VVWD’s Halfway Wash monitoring wells from 2003 to 2006 
through the trial and error process, and values for K and S were modified slightly. The 
final values, after trial and error calibration, are listed in table 5.2-6.
5.3 Simulations
As noted in the Methods section, reasonable daily stream flow records for former 
gage sites at Halfway Wash and Overton had to be created to serve as a boundary 
condition for the model. Figure 5.3-1 shows the synthetic stream flow records for
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Halfway Wash and Overton alongside the actual record from Littlefield gage for a 
portion of the model simulation period.
Table 5.2-2: Calibrated K and S values used in the floodplain water table simulation
Kx (m) Ky (m) Kz (m) S
Floodplain
aquifer
73.2362 2177 1.2 .12
Muddy
Creek
3 3 0.15 0.12
Alluvial
fans
1.43878 1.5 0.009764 0.12
6000
5000
4000
■oma>2
3000
><a
2000
1000
450 470 490 510 530 590550 570
■ Littlefield 
Halfway W ash 
Overton
day beginning Nov. 2003
Figure 5.3-1 : Average daily stream flow at three gages, used as boundary condition for 
water table simulation. The Littlefield data come from the USGS gage at Littlefield, AZ, 
while the Halfway Wash and Overton data were generated by this study.
47
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
The simulation began on November 2003 and lasted 999 days. Average depth- 
to-water levels for each month during that period were compared with averages of 
monthly water level readings taken by SNWA and VVWD. Figure 5.3-2 shows the result 
of an early simulation.
2.2
£
m 2.4(O5 
2 
£  2.6
—  MW3 sim 
» MW3 obs
2.8
3.2
Jun-03 Oct-03 Feb-04 Jun-04 Oct-04 Feb-05 Jun-05 Oct-05 Feb-06 Jun-06 Oct-06
month-yeai
Figure 5.3-2: First simulation o f water level fluctuation (sim) at VVWD Halfway Wash 
monitoring well 3 compared with averaged observed monthly water level measurements 
(obs)
This simulation clearly produced extremes during its later months that were unrealistic. A 
likely reason is that it included the Devitt et al. (1998) ET rates at Halfway Wash even 
after the January 2005 flood, which wiped out most o f the vegetation surrounding
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VVWD wells at Halfway Wash. Subsequent simulations estimated zero ET from the cell 
containing those wells and cells adjacent to them after January 12, 2005, and a slightly 
dampened ET rate in later time steps (appendix 2). The results, for monitoring wells 3, 4 
and 7, are shown in figures 5.3-3 through 5.3-5. Observed depths have been normalized 
based on the relationship between each well’s elevation and the mean elevation o f the 
area represented by the grid cell. The observed depths shown are relative to the grid cell 
elevation rather than the elevations o f individual wells.
0.8
&
I5
S —  HWMW3 sim 
. HWMW3obsa.(U■o
2.8
Nov-03 Feb-04 Jun-04 Oct-04 Feb-05 Jun-05 Oct-05 Feb-06 Jun-06
month-year
Figure 5 .3-3: C o m p a r iso n  o f  sim ulated  seasonal water tab le  f luctuation  (s im )  w ith  
averages of monthly measurements (obs) taken at Halfway Wash monitoring well 3
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Figure 5.3-4: Comparison o f simulated seasonal water table fluctuation (sim) with 
averages of monthly measurements (obs) taken at Halfway Wash monitoring well 4
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Figure 5.3-5: Comparison of simulated seasonal water table fluctuation (sim) with 
averages o f monthly measurements (obs) taken at Flalfway Wash monitoring well 7
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Figure 5.3-6: Comparison o f simulated vs. observed depth to water at VVWD Halfway 
Wash wells 3, 4 and 7. R-squared = 0.523
These results failed to capture a rise in water level around October of 2004, 
shown clearly by the field observations. This rise might have been caused by seepage 
from ephemeral flow in the Halfway Wash channel. The Littlefield gage streamflow 
record (as well as the synthetic streamflow records generated for this study) shows a 
major rise around this time, suggesting increased rainfall and runoff throughout the 
region, which in turn might have produced flows in the Halfway Wash channel. The 
model was run again, with the addition of 5 days o f simulated flow in Halfway Wash, 
beginning on day 355. Figure 5.3-7 shows that this simulation comes closer to replicating 
actual water table fluctuation. Figure 5.3-8 shows the modified ET rates that were used 
for this latter simulation.
52
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
0.8
E
r "5
3x:a
^  2.3
—  HWMWS sim 
» HW M W 3obs
2.8
Nov-03 F eb-04 Jun-04 Oct-04 Feb-05 Jun-05 O ct-05 Feb-06 Jun-06
month-year
Figure 5.3-7: Simulated water table fluctuation (sim) including response from 5-day flow 
in Halfway Wash channel; R-squared for wells 3, 4 and 7 = 0.90
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Figure 5.3-8: Devitt et al, (1998) ET rates and modified rates used in simulation of water 
table fluctuation.
5.4 Discussion: Sensitivity to Streamflow and ET 
In order to examine the influence o f these two boundary conditions on model 
results, the model was run seven more times. In each run, one boundary condition was 
altered while all other conditions remained the same. The altered conditions were as 
fo llo w s: 1) 50%  red u ction  in  E T  at H a lfw a y  W ash , 2 )  100%  in crease  in  E T  at H a lfw ay  
Wash, 3) 50% reduction in streamflow throughout the model domain, 4) 100% increase 
in streamflow throughout the model domain, 5) no ET at Halfway Wash throughout the 
simulation period, 6) no ET anywhere in the model domain throughout the simulation
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period, and 7) no streamflow in the model domain throughout the simulation period. 
Results from these scenarios are presented in figures 5.4-1 and 5.4-2.
g- 2.9
■ D
3.3
3.7 -I----
Nov-03 Oct-04Apr-04 Apr-05 Oct-05 Apr-06
HWMW3
♦ HWMW3 50% 
ET at HW 
HWMW3 200% 
ET at HW
* HWMW3 50% 
VRstr
—  HWMW3 200% 
VR str
month-year
Figure 5.4-1 : HWMW3= simulated water table fluctuation at Halfway Wash; 50% ET at 
HW=simulated water table fluctuation with 50% ET rates (in reference to HMWW3 
results) at Halfway Wash at each time step; 200% ET at HW= simulated water table 
fluctuation with 200% ET rates at Halfway Wash at each time step; 50% VR 
str=simulated water table fluctuation with 50% streamflow at each time step; 200% VR 
str=sim u lated  variation  in  w ater tab le w ith  200%  strea m flo w  at each  tim e step.
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Figure 5.4-1 shows that modifieations o f ET rates have a more pronounced affect 
on simulated water table fluctuation than equivalent modifications in streamflow, except 
for a period beginning around month 16 and ending around month 27. The beginning of 
this period is the month after which flooding wiped out vegetation at the site o f SNWA’s 
Halfway Wash wells. The model simulates no ET from that site after January 12, 2005, 
for the remainder of the year. As this figure shows, streamflow becomes a more 
influential boundary condition during that time, which is to be expected.
Figure 5.4-2 shows simulations of water table fluctuation when one o f the two 
boundary conditions is turned off completely (in the case of the ET condition, two 
scenarios are presented: no ET from the site o f the wells at Halfway Wash, and no ET 
from any cell in the model domain). These simulations suggest that Virgin River 
streamflow maintains water levels, and that the water table would fall dramatically with 
decreases in streamflow (HWl no str.). However, the nearly-uniform rise of the water 
table in the simulation that included no ET withdrawal (HWl no ET in dom.) suggests 
that seasonal variation in water table elevation -  the curve generated by the MODFLOW 
model -  is more significantly influenced by seasonal changes in ET rates.
Theses two most significant simulated changes in storage are shown in table 5.4- 
1. Dixon and Katzer (2002) estimated almost three times as much ET from 
phreatophytes, but their study utilized only the highest ET rate from the Devitt et al. 
(1998) data, rather than an annual average. They were also estimating ET over the entire 
Lower Virgin Valley, rather than from what this study has termed to Littlefield to 
Overton catchment.
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Figure 5.4-2: HWMW3= simulated water table fluctuation at well HWMW3; HWMW3 
no str= simulated water table fluctuation without any streamflow in model domain; 
HWMW3 no ET= simulated water table fluctuation without any ET in model domain; 
HWMW3 no ET HW= simulated water table fluctuation without any ET from cells 
containing and adjacent to HWMW3
Tahle 5.4-1 : Simulated change in storage, Nov. 2003 -  Oct. 2004
IN: cubic meters per year
Leakage from stream 104,360,149.3
OUT:
ET from 32,323,508
phreatophytes
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CHAPTER 6
PRODUCTION WELL SIMULATION 
Finally, the simulation was repeated, but with a constant withdrawal rate of 5 
cubic feet per second (cfs) at VVWD test well 1 (HWTWI), located at the coordinates x 
= 740246.1 and y = 4060125 in Universal Transverse Mercator Zone 11 North, according 
to the 1927 North American Datum. In the model, the well was completed only in the 
floodplain aquifer. The purpose of this simulation was to observe the effect of continuous 
pumping o f the floodplain aquifer on the riparian water table. The rate of 5 cfs was 
suggested by Michael Johnson of VVWD, who said it was comparable to that of current 
production wells located near the Virgin River (HWTWI itself, however, is not capable 
of pumping at this magnitude). Drawdown in monitoring well HWMW3 during the 
pumping period is shown in figure 6-1. Drawdown simulated in other wells is identical -  
due to their close proximity -  and is therefore not shown in additional figures.
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Figure 6-1; Simulated drawdown in VVWD monitoring well 3 over 999 days of 
continuous pumping of HW TW 1 at 5 cubic feet per second, compared to water levels for 
the same period without pumping
Personal discussion with SNWA field technicians suggests that local saltcedar can draw 
water from a depth as low as 7 meters below the ground surface. This simulation 
predicted that a continuous pumping rate o f 5 cfs at Halfway Wash would endanger 
saltcedar in the immediate vicinity o f the well after 206 days. The cone of depression 
created by a year o f pumping, shown in figure 6-2 as depth to water, would extend 
several kilometers from the well in each direction.
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Figure 6-2: Simulated depth to water after 365 days of continuous pumping of VVWD 
well HWTWI at 5 cubic feet per second
Figure 6-2 suggests that a year o f pumping could pose a threat to saltcedar stands over an 
area greater than a square kilometer near Halfway Wash, though the propagation of the 
cone of depression into the stream boundary, shown in figure 6-2, does raise the issue of 
whether the model’s grid cell resolution is fine enough to produce a realistic prediction. 
Figure 6-3 compares simulated ET from the floodplain aquifer under the pumping and 
no-pumping conditions. The comparison suggests that a constant 5 cfs pumping rate 
could result in an annual loss of almost 3.8 million cubic meters o f water to phreatophytic 
vegetation. O f course, this estimate is based on the crude assumptions o f total 
homogeneity in phreatophyte stands and a uniform rooting depth o f 7 meters throughout
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the domain. It is also based on a simulated pumping rate at the upper extreme. Actual 
pumping rates in the area are lower, which means the actual risk to phreatophytic 
vegetation is lower than what is described in this study.
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Figure 6-3 : Simulated ET withdrawal from the floodplain aquifer in two different 
scenarios: 1) No pumping from the floodplain aquifer, and 2) 5 cfs constant pumping at 
VVWD well HWTW
It should be noted that the hydrologie basin model developed by Brothers et al. 
(1992 and 1993) produced results conflicting sharply with those of this model. Under a 
variety of different scenarios in which flow was diverted from the Virgin River at
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Halfway Wash, phreatophytes still had access to requisite amounts o f water. Their model 
differed from this study’s model in many ways, two o f which may have contributed 
significantly to their conflicting results. First of all. Brothers et al. (1992 and 1993) input 
a value o f 4.11 meters per day as the conductivity o f the bed material underneath the 
Virgin River, whereas this study’s model used a value o f .045 meters per day. The 
implications o f this difference could mean that more water from the Virgin River was 
available to maintain water levels in the floodplain aquifer. A second difference was the 
domain itself. In the case of the model described in this study, it was a long narrow chute 
with impermeable boundaries, in which long-term pumping might have a more 
pronounced effect. The Brothers et al. (1992 and 1993) model domain was much larger, 
incorporated more area outside of the Virgin River floodplain, and assumed far more 
connectivity between the floodplain aquifer and the Muddy Creek formation, which 
might have provided additional water to moderate the effect of decreased inflow from the 
Virgin River.
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CHAPTER 7
CONCLUSION AND RECOMMENDATIONS 
The Lower Virgin River watershed represents a significant source of water to 
adjacent population centers that are both water-stressed and growing rapidly. For this 
reason, it is important to quantify surface water and groundwater resources, and to 
understand the processes that influence them. This study used a set o f methods to 1) 
estimate recharge from precipitation at high elevations in the watershed, and 2) develop a 
numerical model that reasonably represents seasonal water table fluctuation in the Virgin 
River floodplain. The first portion of the study estimated that nearly 97 percent of 
recharge to the Lower Virgin River basin occurs at higher elevations in Nevada and Utah. 
The floodplain model suggested that seasonal variation in transpiration from 
phreatophytes is a more significant factor in seasonal water table fluctuation at Halfway 
Wash than changes in streamflow. Updated datasets o f phreatophyte transpiration rates 
and surface area of phreatophytes in the floodplain would allow for a more robust study 
of this relationship. The floodplain aquifer model was also used to simulate the 
drawdown caused by constant pumping o f the aquifer at the location of VVWD’s 
Halfway Wash test well. According to the simulation, whieh was driven by a pumping 
rate far higher than those currently employed at Halfway Wash, 206 days of continuous 
pumping would bring the water table surrounding the well low enough to threaten
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phreatophytic vegetation. The utility o f this model is severely limited by the paucity of 
water level data for the Virgin River floodplain and the complexity o f inputs to the actual 
hydrologie system. A more comprehensive monitoring program could help to better 
calibrate the model. When it is strengthened, the model might be used to examine the 
effects on the local groundwater system of a dramatic, climate change-induced decrease 
in river flows.
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APPENDIX 1
WATERSHED DELINEATION ALGORITHM FOR USE WITH ARCVIEW 
'define watersheds
the View = av. GetProj ect.FindDoc(" View 1 ")
'fill active GTheme
theTheme = theView.GetActiveThemes.Get(O)
' assign a dem grid
elevGrid = theTheme. Get Grid
' calculate flow direction
flowDirGrid = elevGrid.FlowDirection(FALSE)
' calculate flow accumulation
flowAccGrid = flowDirGrid.FlowAccumulation(NIL)
' extract streams from flow accumulation
streamGrid = (flowAccGrid < 600.AsGrid).SetNull(l.AsGrid)
' delineate stream links
streamLinkGrid = streamGrid. StreamLink(flowDirGrid)
' define watershed outlets
mPoint = Multipoint.Make({365855@4507029, 365601 @4506083})
' extract outlets in grid
theSrcGrid = elevGrid.ExtractByPoints(mPoint,Prj.MakeNull,FALSE)
'delineate watershed for each outlet
watershedGrid = flowDirGrid. Watershed(theSrcGrid.SnapPourPoint(flowAccGrid,240))
' delineate watersheds for each stream link 
'watershedGrid = flowDirGrid. Watershed(streamLinkGrid)
' create a theme
theGTheme = GTheme.Make(watershedGrid)
' check if output is ok 
if (watershedGrid. HasError) then 
return NIL
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end
' add theme to the view 
theView.AddTheme(theGTheme)
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APPENDIX 2
WATER TABLE MODEL INPUT DATA
/
T ./
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20  K ilo m e te rs
Figure A2-1 : Geologic data used to delineate hydrogeologic units, from Page et al., 2005.
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Figure A2-2: 120-meter resolution DEM provided by VVWD and used to generate 
ground surface elevation in model domain outside of the Virgin River floodplain. Note: 
Elevation data along the Virgin River floodplain has been extracted, leaving a white strip 
in the center o f this figure.
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Figure A2-3: 10-meter resolution DEM of Lower Virgin River floodplain, generated from 
6-inch LIDAR data provided by SNWA.
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Table A2-1 : Data points used for IDW interpolation o f floodplain aquifer layer bottom 
elevation.
Well name, owner or 
source
X (UTM NAD 
1927)
Y (UTM NAD Layer bottom elevation 
1927) (m)
Phil Wilson 751455 4090286^ 689.62
Phil Wilson 747423 4068886 454.42
VVWD 756967 4074049 437.62
VVWD 748163 4068266J 441.54
VVWD 748189.9 4067645.5 452.54
HWMWl 740307.9 4060093^ 364.61
HWMW2 740312.8 4060105.4 366.13
HWMW4 740317.8 4060137.1 370.40
HWMW5 740319.1 40601823 370.40
HWMW6 740322L3 4060186 374.97
HWMW7 740319.1 4060196 8 371.92
HWMW8 740342.5 4060124.8 372.23
HWTHl 740319.2 4060137.8 368.26
HWDHl 740319.5 4060180.4 368.57
Map 150 x-section B 757475.5 4076372.2 476.91
Map 150 x-section B 757529.8598 4076266.342 470.91
Map 150 x-section B 757633.1234 4076065.249 459.51
Map 150 x-section B 757773.0535 4075792.754 451.16
Map 150 x-section B 757895.6074 4075554.096 315.74
Map 150 x-section B 758021.6747 4075308.597 314.21
Map 150 x-section B 758139.0022 4075080.117 325.76
Map 150 x-section B 758222.204 4074918.093 341.04
Map 150 x-section B 758293.7231 4074778.819 370.19
Map 150 x-section B 758357.5176 4074654.587 394.88
Map 150 x-section B 758401.569 4074568.803 432.93
Map 150 x-section B 758420.342 4074532.245 451.03
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Table A2-2: ET rates used for simulations
First
time
step
Date
(month/year, 
except Jan., 
2005)
ET from
phreatophyte
cells
(mm/year)
ET from cells Extinction depth 
containing/adj acent to (m)
Halfway Wash wells 
(mm/year)
0 11/2003 732 732.00 7
30 12/2003 457.5 45T50 7
61 1/2004 457.5 457.50 7
92 2/2004 732 73200 7
121 3/2004 475.8 475^0 7
152 4/2004 1098 1098.00 7
182 5/2004 1281 1281.00 7
213 6/2004 4099.2 4099.20 7
243 7/2004 3019.5 3019.50 7
274 8/2004 3001.2 3001.20 7
305 (%2004 1390.8 1390.80 7
335 10/2004 1061.4 1061.40 7
366 11/2004 732 732.00 7
396 12/2004 457.5 457.50 7
427 1/1-12/2005 457.5 457.50 7
439 1/13-31/2005 457.5 0.00 7
458 2/2005 732 0.00 7
486 3/2005 4%18 0.00 7
517 4E2005 1098 0.00 7
547 5/2005 1281 0.00 7
578 (%2005 4099^ 0.00 7
608 7/2005 3019.5 0.00 7
639 8/2005 3001.2 0.00 7
670 9/2005 1390.8 0.00 7
700 10/2005 1061.4 0.00 7
731 11/2005 732 0.00 7
761 12/2005 45T5 0.00 7
792 1/2006 457.5 457.5 7
823 2/2006 732 457.5 7
851 3/2006 475.8 457.5 7
882 4/2006 1098 475.8 7
912 5/2006 1281 475.8 7
941 6/2006 4099^ 475.8 7
973 1V2006 3019.5 475.8 7
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Table A2-3: Estimated water levels at beginning of simulations
Well name X(UTM  
NAD 1927)
Y (UTM 
NAD 1927)
Estimated water 
level in 
November
MW-2 740240.65 4060100.48 395.80
MW-5 740250.15 4060181.20 396J6
MW-1 740235.71 4060089.05 395.59
MW-3 740245.42 4060118.33 39^51
MW-4 740245.63 4060132.31 395A9
MW-7 740247.01 4061191.95 39&32
MW-8 740270.42 4060119.95 395^9
BV-1 756185.87 4074257.92 459.21
BV-2 756194.53 4074258.22 459.21
BV-3 756192.83 4074253.79 459.15
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APPENDIX 3
PUMP TEST RESULTS 
Table A3-1 : Cooper-Jacob Straight-Line method calculations for monitoring wells at 
Bunkerville (BVSM’s) and Halfway Wash (HWSM’s).
Site Cooper- 
Jacob Early 
T (feet^/day)
Cooper- 
Jacob 
Early S
Cooper- 
Jacob 
Early K 
(feet/day)
Cooper- 
Jacob Late 
T
(feet^/day)
Cooper- 
Jacob 
Late S
Cooper- 
Jacob 
Late K 
(feet/day)
BVSMWl 11,404 0.06041 152 6,039 0.30192 81
BVSMW2 12,175 0.05549 162 6,162 0.25229 82
BVSMW3 10,358 0.12590 138 5,930 0.55244 79
Mean
BVSMW
11,312 0.08060 151 6,044 0.36888 81
HWSMWl 8,884 0.16399 444 20,661 0.11776 1,033
HWSMW2 14,603 0.01984 292 20,809 0.73224 416
Mean
HWSMW
11,744 0.09191 368 20,735 0.42500 725
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Table A3-2: Cooper-Jacob Distance Drawdown calculation for piezometers at 
Bunkerville
Bunkerville Pump Test 11/16/06-11/19/06
Jacob Distance Drawdown Method
For line drawdown = -0.3813 In(time) + 3.0335
Drawdown over log scale (ft) (h) (In = 100) 1.2775
Drawdown over log scale (ft) (ho) (In = 10) 2.1555
d (thickness o f aquifer) = 75
Q  (gpm) = 150
Distance intercept at zero drawdown = 2,851.96
Drawdown over log cycle (ft) (ho-h) = &878
Time in minutes for distance points used = 4^W0
Estimated T (gpd/ft) = 90,153.8
Estimated T (feet^/day) = 12,051.8
Estimated S = 0.01
K = T/d (feet/day) 160.69
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Table A3-3: Cooper-Jacob Distance Drawdown calculation for piezometers at Halfway 
Wash
Halfway Wash Pump Test 12/14/06-12/17/06
Jacob Distance Drawdown Method Piezometers
For line drawdown = -0.1547 In(time) + 1.2719
Drawdown over log scale (ft) (h) (In = 100) 0J595
Drawdown over log scale (ft) (ho) (In = 10) &9157
d (thickness of aquifer) = 84
Q  (gpm) = 222
Distance intercept at zero drawdown = 3,721.03
Drawdown over log cycle (ft) (ho-h) = 03562
Time in minutes for distance points used = 4393
Estimated T (gpd/ft) = 328,887
Estimated T (feet^/day) == 43,965.6
Estimated S = 0.02129
K = T/d (feet/day) 5214
Table A3-4: Cooper-Jacob Distance Drawdown calculation for wells at Halfway Wash
Halfway Wash Pump Test 12/14/06-12/17/06
Jacob Distance Drawdown Method Wells
For line drawdown = -4.1747 In(time) + 23.738
Drawdown over log scale (ft) (h) (In = 100) 4.1747
Drawdown over log scale (ft) (ho) (In =10) 14.1254
d (thickness o f aquifer) = 81
Q  (gpm) = 222
Distance intercept at zero drawdown = 294J8
Drawdown over log cycle (ft) (ho-h) = 9.9507
Time in minutes for distance points used = ' 4293
Estimated T (gpd/ft) = 11,773
Estimated T (feet^/day) = 1,573.81
Estimated S = 0.12143
K = T/d (feet/day) 19A298
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Table A3-5: Time Recovery results and means for piezometers and wells
Site Time Recovery T (square 
meters/day)
Time Recovery K 
(meters/day)
BVSMWl 551.75 24.08
BVSMW2 54^89 24.08
BVSMW3 523.51 2286
Mean BVSMW 541.72 23.77
HWSMWl 1808.36 71.63
HWSMW2 1900.98 73.46
Mean HWSMW 1854^2 7254
HWMWl 848.20 34.44
HWMW2 78633 31.09
HWMW3 41190 14.94
HWMW4 395.77 14.33
Mean HWMW 617.53 2177
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